The paper presents the modeling and simulation of the thermodynamics of the accumulator system of the heave compensation system. Heave compensators in offshore and subsea applications are used to reduce the relative vertical motion of the load caused by the vessel movement. The accumulator system is an integral part of the power system, which typically can be the hydraulic system of the crane cylinders or the winch motor. The accumulators are mainly used to reduce the power consumption during heave compensation through regenerating power. Hence, the working properties of the accumulator gas become important, and these properties are very dependent upon the temperature and pressure.
INTRODUCTION
Heave compensation systems in offshore and subsea applications are used to reduce the relative vertical motion of the load caused by the vessel movement. In this way, the load can be accessed by neutrally buoyant Remotely Operated Vehicle (ROV's), as well as landed on and lifted off from the seabed in a safe and gentle manner. The operational up-time for the vessel can be increased with heave compensation, particularly under adverse weather conditions. Generally, there are two main categories of heave compensators, namely, active compensators and passive compensators. Active compensators require external power supply and are always equipped with a control system [1] [2]; while, passive compensators can operate on stored energy alone without external power supply [3] . Both active and passive compensators may use hydraulic cylinders as actuators. Using the winch and the winch motors for heave compensation can only be done with active system due to the inherent power loss of the system. However, using cylinders for heave compensation gives a limited range of the compensated heave motions as the cylinders has fixed strokes. The control algorithm becomes more complex when more than one Degree of Freedom (DoF) is involved. The control of winches for heave compensation is simpler as only 1-DoF along the wire is considered. Based on the inverse control algorithm, two heave compensation solutions are proposed by either using the cylinders or the winch [4] , i.e., maintaining the crane end tip position through the cylinders, or altering the wire length via the winch, thus to maintain the load position.
The accumulator system is an integral part of passive compensators for reducing the power consumption during heave compensation, but can be equally important for active compensators, especially when high power is involved. Fig. 1 shows a subsea crane equipped with an active heave compensation system using the outer boom. The two outer cylinders are connected to the accumulator system (beneath the cylinders as shown in the figure) to take the main part of the load, while the center plunger and the rod side of the two outer cylinders are actively controlled by an open loop hydraulic system to ensure the correct motion of the boom. The gas bank and the trim accumulators are placed at the crane base. The gas volume of the accumulator system can be altered through the trim accumulators in order to accommodate different loads.
The hydraulic diagram and the accumulator system of the crane outer boom are shown as in Fig.  2 . The passive part, i.e., the accumulators, are normally set up to take a significant part of the load, while the active part, i.e., the plunger and the rod side of the cylinders, are primarily used to ensure that the motion of the boom is correct. In this way, the power consumption of the active system will be minimal. However, during rapid load changes, as will occur during landing and lifting-off the load from the seabed, the active and passive system need to cooperate. The faster and greater the passive system can change its load, the easier it gets for the active system. Knowledge about the true behaviors of the accumulator system is then vital.
In this paper, modeling of the heave compensation system is presented with focus on the thermodynamics of the accumulator system and the wire tension during heave compensation. The response characteristics of the compressible gas are very dependent upon the temperature and pressure. The system capacity will be reduced, when the temperature in the accumulator become too high. This may lead to failure or lack of compensation, which can cause serious accidents during operations. Based on the testing log from experiments during heave compensation, the responding characteristics of the accumulator system are simulated. Testing on the physical system is time consuming and costly. The simulation model provides a more flexible and costeffective approach for system design and analysis.
MODELING
Modeling of a thermo-fluid system is not trivial, not only due to the non-linear characteristics of the fluid dynamics, but also the choice of state equations and state variables are different in the hydraulic domain and the thermodynamic domain. Developing mathematical models for a thermo-fluid dynamic system requires that the models from several domains combined in order to form a complete system model. What's more, a modular approach provides more flexibility in terms of model modifications and reuse. For all these reasons, the Bond Graph (BG) method [5] becomes a natural choice. The BG method is an energy-based approach for modeling and simulation of multi-domain dynamic systems. The constitutive laws used in describing the physical properties of an engineering system are interpreted using bond graph representations. The basic elements of bond graphs give a generalized form of these physical properties of different energy domains. All the power variables are called effort and flow, of which the product is power and form the so-called power bond.
For describing thermo-fluid systems, Karnopp introduced the use of pseudo-bond graph, of which the power variables do not give true power bond. The chosen generalized power variables allow a simpler description of compressible fluids than using the true power bond variables. This will be described more through modeling of the accumulator system in later chapters. The implementation of the modeling and simulation is done in a commercial software tool called 20-sim. Among many other features, this flexible software tool also provides the basic bond graph library and allows for customized modeling of any special type of bond graph and diagram, e.g. the pseudo-bond graphs.
THE HERMODYNAMIC CAPACITOR
The performance of the passive part of the heave compensation system is directly related to the behavior of the gas in the accumulator system. Hence, accurate representations of the thermodynamics of the accumulator system are instrumental to obtaining a realistic model of the performance of the overall system. To represent a volume of compressible gas in the accumulator and the gas bank, a multi-port capacitor is defined using a combination of true power bond and pseudo-bond, as shown in Fig. 3 . The gas volume is represented by a capacitance volume, called C-field. The power variables for the true power bond are the pressure and the mass flow, and for the pseudo-bond are the temperature and the energy flow. The modulated flow source, i.e., MSf-element, represents the work done by the gas due to the volume change of the accumulator. The transformer, i.e., TF-element represents the transformation of the gas volume to the accumulator piston.
The state equations for describing the true power bond and pseudo-power bond of the C-field can be written as Eq. 1 and Eq. 2:
Since the kinetic energy is typically small compared to the enthalpy, Eq. 2 can be revised as:
To work out the formula for the other power variables, i.e., the pressure and temperature, the perfect gas equation satisfies the following Eq. 4:
The internal energy E and enthalpy h of the ideal gas is a function of temperature given by Eq. 5 and Eq. 6, respectively, which is approximately true for real gas.
where is the specific heat at constant volume, is the specific heat at constant pressure.
If we consider the accumulator system as one unit and the thermodynamic process as isentropic, i.e., without any exchange of mass or heat, the state equations can be written as Eq. 7 and Eq.8:
With the constitutive laws given by Eq. 4 and Eq. 5, we can work out the , relationship of the adiabatic process given by Eq. 9:
where = = + 1is the specific ratio, = − is the gas constant. Eq. 9 is commonly used in the industry for closed systems, where the heat transfer process is not considered crucial. In the simulation chapter, the differences will be illustrated based on different models, where the heat transfer to the ambient environment is included or not. 
THE THERMODYNAMIC RESTRICTOR
The accumulator and the gas bank are connected via high pressurized pipe, which means there is gas flow in and out of the two capacitors. For simplification and comparison of different gas flow along the pipe, the ports of the accumulator and the gas bank are represented by a restrictor called R-field as shown in Fig 4. The mass flow and energy flow are given by Eq. 10 and 11.
where A is the nozzle open area, is the specific ratio, is the gas constant. The pressure ratio is given by Eq. depending on the critical pressure ratio.
The upstream and downstream of the restrictor is decided by the pressures, i.e., the flow always goes from the high pressure to the low pressure. The inlet and outlet of the nozzle can switch sides depending on the pressures. This is important for calculating the pressure ratio, the upstream pressure and temperature in order to work out the equations for the mass flow and the energy flow.
THE GAS FLOW THROUGH THE PIPE
A finite pipe segment can be seen as a control volume with a certain small amount of fluid. In this section, we present two alternative approaches for modelling the gas flow through the pipe between the accumulator and the gas bank. An approximation approach is to model the gas flow as acoustic flow, as shown in Fig. 5 . The acoustic model for the gas flow in the pipe consists of the inlet and outlet of the pipe, the compressibility of the gas, the inertia and friction loss due to the pipe inner surface.
The constitutive equations for the restrictors representing the pipe inlet and outlet, the compressibility of the volumes of gas in the pipe, the friction loss and the inertia effects of the gas flow are given by the following equations respectively:
where , and is the bulk modulus and viscosity of the gas, and the friction factor of the gas flow to the pipe inner surface.
The other alternative is firstly presented by Strand and Engja [6] , which describes the gas flow in the pipe using Karnopp's pseudo-bond graphs of control volume accumulator and nozzle restrictor called R-field. AEsøy and Pedersen [7] implemented the pipe flow model for a fuel injection system, in which the equations for BG modelling are nicely described. The representation using bond graphs with the chosen power variables is shown as in Fig. 6 . In contrast to the pseudo-bond accumulator model, the momentum effects of the distributed mass properties cannot be neglected, when modeling the gas flow through long slim pipes. Thus the state equations must be extended to include the conservation law of momentum. In the energy conservation formula the kinetic energy of the fluid must also be considered. The mass, momentum and energy equations for deriving the pipe flow model are given by the following Eq. 17 to Eq. 19:
where is the fluid momentum inside the pipe volume, is the linear velocity of the flow rate.
The modified IC-field represents the capacitance of the gas volume in the pipe including the momentum of the mass flow. The following equations can be worked out as written in Eq. 20 to Eq. 22:
= (22)
The R-fields represent the fluxes of the control volume boundaries. The following equations can be worked out as written in Eq. 23 to Eq. 25:
THE HEAT TRANSFER PROCESS WITH THE AMBIENT ENVIRONMENT
Three thermal processes are used to represent the heat transfer of the accumulator and gas bank walls with the ambient environment, respectively, the heat convections at the wall surfaces, the heat conduction through the wall, and the heat stored in the wall. The bond graph representation is shown in Fig. 7 .
Heat convection refers to the heat transfer between a fluid and a solid surface due to the temperature gradient. The Newton's law of cooling is generally used to describe the process as given by Eq. 26:
where h is the heat transfer coefficient, A is the surface area and ∆ is the temperature difference. Heat conduction in engineering through walls is given by the Fourier's law. For one-dimensional plane wall, we assume the temperature distribution is linear across the wall. The steady heat flow is expressed by Eq. 27:
where k is the thermal conductivity of the wall material is the wall thickness, A is the area normal to the heat flow and ∆T is the temperature difference. The accumulator wall is divided into two halves representing the average states of temperatures at both sides. The stored energy in the wall is given by Eq. 28:
where m is the mass of the accumulator wall, is the specific heat of the wall material (steel), and is the temperature. 
THE HYDRAULIC SYSTEM
The BG modeling of the hydraulic components is described and presented in [8] . The BG model assembly of the hydraulic system of the heave compensation system is presented as shown in Fig. 8 . The interfaces include the control signal to the direction valve (i.e., SetpointPosition), the pressure at the oil side of the accumulator (i.e., AccumulatorOilSide), and the force on the crane boom tip from the load via the lifting wire (i.e., Wire). The BG modelling of the lifting wire and load is described in the following chapter.
THE LIFTING WIRE AND LOAD
Wire failure issues are among the major causes of offshore and subsea operation accidents, which are very difficult to predict or monitor during operations. Repeatedly releasing and retracting under high frequency causes a specific segment of the wire to suffer cyclic bending and loading so as to consequently deteriorate much more rapidly than other segments. This is mainly resulted from the loss of lubricant due to the heat generated from bending of the wire, and consequently the corrosion of the water that comes in. The instantaneous snap force could break the lifting wire and damage the load. Takagawa [9] and Rolls-Royce Marine [10] proposed new design solutions to lengthen the life of the cable by reducing and distributing the wear of the wire from the winch sheaves. For our purpose, a simplified model for the lifting wire is defined as a springdamper system, as shown in Fig. 9 . The BG representations indicate the dynamic properties of the simplified wire-load model that have been modeled, respectively, the spring and damping of the wire, the momentum inertia of the load, the drag force and gravity force to the load. One end of the wire is connected to the crane boom tip, where the velocity is defined by the measured heave motion or the compensated displacement of the crane.
The wire stiffness and damping are represented by an MR-element and a C-element. The state equations for the spring-damper are written in Eq. 29.
The wire stiffness is given by Eq. 30.
where is the Young's modulus of the wire, is the wire length and is the wire section area. According to the DNV regulations [11] , the effective crosssectional area for calculation is multiplied by a fillfactor of wire rope, as written by Eq. 31. The wire damping can be expressed as a ratio of the critical damping, as written by Eq. 32.
Drag force of the water to the submerged load is an effect opposing motion much like mechanical friction, and will contribute to dampen the response. According to the DNV regulations [12] , load drag force is assumed to be proportional to the square of the load speed, as written in Eq. 33.
where is the drag coefficient, A is project area of the load, v is the velocity of the submerged load under water.
Added mass is an effect opposing acceleration due to the acceleration of the water surrounding the load. Together with the load mass, added mass has a direct influence on the natural period of the system, [13] . The inertia effect is represented by an I-element, based on the state equation given by Eq. (34).
The gravity force is represented by an effort source, i.e., Se-element based on Eq. 35.
SIMULATIONS
To validate the effectiveness of the models, we obtained the recorded data from a testing log of experiments on the physical system during heave compensation operations. The heave motion of the vessel was well compensated through moving the crane boom, as shown in Fig. 10 . The displacement of the crane boom tip was effectively reduced.
The vessel motion measured by a motion reference unit (MRU) was used as the reference control input to the heave compensation controller. Tuning the PI-controller, the displacement of the cylinder piston is shown compared to the measured data, as shown in Fig. 11 .
The pressure variations at the piston side of the passive cylinder is shown as in Fig. 12 . The difference of the simulation results from the testing measurement is minimal, and due to the different setup of the simulation model from the physical system including the actually load conditions.
Assuming that all of the oil from the passive cylinder goes to the accumulator directly, the pressure variations at the accumulator oil and gas side are expected to be consistent to the pressure at the passive cylinder piston side. Based on the different simplifications in modelling of the flow between the accumulator and the gas bank, four alternative implementations for the accumulator system are shown as in Fig. 13 , respectively, the lumped volume model, the nozzle model, the acoustic gas flow model and the thermodynamic pipe flow model. The simulation results of the pressures in the accumulator and gas bank based on the four implantations are presented, as shown in Fig. 14 . The lumped volume model is just as effective showing the pressure variation in the accumulator system. As comparison, the measured pressure at the hydraulic cylinder piston side is shown in Fig. 14 a) The responding characteristics of the two compressible gas volumes are dependent upon the gas flow along the pipe. Given the acoustic pipe flow model and thermodynamic pipe flow model, the sensitives of the gas pipe dimensions were studied. The following parameters of the pipe flow were defined respectively: the total length l and the diameter of the pipe d. Tab. 1 shows the maximum and minimum pressure difference between the accumulator and the gas bank accordingly. We can conclude that a slim pipe with too small diameter for the gas flow will cause a significant increase of pressure difference between the accumulator and the gas bank, as shown in Fig. 15 a) and b) . As the length of the pipe increases, the momentum and inertia effect of the gas flow becomes dominant to the amplitude of the pressure and the phase lag between the accumulator and gas bank, as shown in Fig. 15 c) and d). A typical period for the vessel heave motion is around 10 seconds; hence the frequency of the gas compression during heave compensation operations is much higher than the heat transfer process. Under natural circumstance, the heat transfer of the accumulator system with the ambient environment is slow, thus has little effects over a short time period. However, poor placement of the accumulator and the gas bank affects the heat transfer process with the ambient environment. As shown in Fig. 16 , the temperature in the accumulator increased over the time period under the natural heat convection condition with a setup ambient temperature at 20°C. At last, based on the wire-load model, the wire tension due to the motions of the heave and crane boom during heave compensation operations were simulated as shown in Fig. 17 . The load mass was defined as the same as in the testing of 30Te with 200Te added mass, while the lifting wire was given the length of 200m and diameter of 30mm. With heave compensation using the crane boom, the wire tension oscillation has much lower amplitude and frequency compared to the operation without active heave compensation.
CONCLUSION
The main objective of this study is to develop analytical models of the accumulator system and to simulate the thermodynamic characteristics during heave compensation. Experiments on the physical system have proved the effectiveness of the active heave compensation system; however, there have been seen many problem regarding the system performance and stability. A lot of efforts have been paid to understand the hydraulic power system. However, the responding characteristics of the accumulators was left as a "black box". The properties of the gas have significant impacts on the performance of the system, especially on the total energy consumption during heave compensation. Hence, the model and simulation provides useful insights into the dynamics of the accumulator system.
The developed BG models are very flexible for modifications in accordance with the physical system dimensions and parameters. Using the recorded data from the testing of the physical system, the behaviors of the accumulator system were simulated. Four implementations of the pipe flow model were presented, and the simulation results were compared. The lumped volume model gives relatively less accuracy. The nozzle model gives equally accurate results dependent on tuned parameter of the nozzle. The acoustic gas flow pipe and the thermodynamic pipe flow model gives comparable results dependent on the setup of the pipe dimensions and the pipe flow properties. All the model implementations were proved to be effective for the simulations of the accumulator system behaviors. For relatively slow heave motions and the given setup of the physical system, the gas pipe dimensions have relative small influences on the system performance. The heat transfer has minimal effects over a short time period under natural conditions.
The accumulator system for heave compensation can also be applied to an active winch system. Modeling and simulation of the hydraulic system for system design and optimizations are parts of the work in progress.
